Abstract-Multicore fibers and few-mode fibers have potential application in realizing dense-space-division multiplexing systems. However, there are some tradeoff requirements for designing the fibers. In this paper, the tradeoff requirements such as spatial channel count, crosstalk, differential mode delay, and cladding diameter are discussed. Further, the design concept and transmission characteristics of high-core-count single-mode multicore fibers are discussed. A heterogeneous multicore fiber with 30 cores and quasisingle-mode multi-core fibers with 31 cores are developed.
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A fiber for SDM is expected to involve as many spatial channels as possible under some restrictions such as cladding diameter, intercore crosstalk (XT), inner-core XT, and differential mode delay (DMD). Many types of single-mode MCFs (SM-MCFs) and FMFs have been proposed to increase core count or mode count. The maximum core count of SM-MCF was beyond 30 [14] , [15] . The mode count of FMFs reached 36 (20 LP modes) [16] . Another approach is combining few modes and multiple cores: few-mode multicore fibers (FM-MCFs). Some FM-MCFs exceeded the record spatial channel count (SCC) of SM-MCFs and FMF: 36 with 3 modes × 12 cores [7] , [8] , 72 with 6 modes × 12 cores [17] , 108 with 3 modes × 36 cores [9] , 114 with 6 modes × 19 cores [10] . However, FM-MCFs should overcome both issues for SM-MCFs and FMFs simultaneously.
In this paper, we review the features of high-spatialmultiplicity MCFs [18] . At first, the current states of the SDM fiber including FMFs, SM-MCFs, and FM-MCFs are reviewed. The tradeoff relationship between multiplicity and cladding diameter, XT, and DMD is discussed. Then, two studies on SM-MCFs with high spatial multiplicity are presented. The high-spatial-multiplicity fibers are realized using heterogeneous structures or quasi-single-mode (QSM) structures, respectively. The design concept, fabrication results, and transmission performance of the fabricated fibers are presented.
II. SPATIAL MULTIPLICITY IMPROVEMENT
In this section, recent approaches regarding SDM fiber for dense SDM are presented. After defining the parameters for comparing multiplicity, the tradeoff parameters for high spatial multiplicity-cladding diameter, core-to-core XT, and DMDare discussed.
A. SCC and Spatial Efficiency (SE)
In this study, we used the SCC, SE, and relative SE (RSE) as a measure of the spatial multiplicity of MCFs and FMFs.
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B. SCC Versus Cladding Diameter
The cladding diameter of most MCFs presented so far is larger than 125 μm, which is the general cladding diameter of SM-SCFs. However, the cladding diameter of MCFs is limited to less than a certain value based on the requirements of the transmission fiber.
The first limiting factor is mechanical reliability. Fig. 1 shows the simulation results of failure probability as a function of the cladding diameter for a different bending diameter D under the condition of 100 turns, 20 years, and 1% proof [19] . Relative failure probability is the failure probability of a fiber with a certain D c to the failure probability of a fiber with D c = 125 μm and D = 30 mm. Here, we define the D at which the relative failure probability equals 1 as the allowable bending diameter for a D c . The allowable bending diameter increases following an increase in the D c . We should accept an allowable bending diameter larger than 60 mm if the D c exceeds approximately 250 μm.
The allowable bending diameter can be improved by using a heightened proof level. Fig. 2 shows the relationship between the allowable bending diameter and the proof level for various D c s. Even for a fiber with D c = 300 μm, the allowable bending diameter can be reduced to less than 60 mm for a proof level larger than 1.5%. Note that the required stress for a proof test is proportional to D c 2 and the proof level. The possibility of high-level proof testing for a large cladding diameter fiber may limit the possible D c .
Another limiting factor is splice ability. A large cladding diameter implies that the position of the outermost core is far away from the center of the cladding. The splice loss (L s in [dB] ) is given by the following equation [20] : where 2w 1 and 2w 2 are the mode field diameters of the spliced fibers and d is the offset of the core centers of the spliced fibers. If fibers whose cores are positioned at r from the center of a cladding are aligned with the angle error θ, d is given by
Fig . 3 shows the estimated splice losses as a function of core position for different angle alignment errors according to (4) and (5) . Both 2w 1 and 2w 2 are 10 μm. As the distance from the center of the cladding increase, excess splice loss due to errors in angle alignment is increased. Reference [21] reported that the averaged, maximum, and minimum angle alignment error was 0.6°, 0.9°, and 0.4°for a commercially available fusion splicer that aligns cores with fiber-rotation and end-view functions [22] . A large r requires a small angle alignment error for realizing a small splice loss. The r will be limited to approximately 75 μm to achieve an averaged splice loss < 0.1 dB for the current fusion splicer. The limit may be relaxed owing to the improvement of alignment accuracy and the enlargement of the mode field diameter of the spliced fiber. For fibers with 2w 1 = 2w 2 = 12 μm, whose effective area is larger than 110 μm 2 , the r for achieving the splice loss < 0.1 dB is increased to approximately 85 μm. However, the increased effective area is not preferable The cladding diameter of almost all FMFs presented so far was 125 μm. The SCC, i.e., the mode count for an FMF with 125-μm cladding diameter, and RSE reached the value of 36 [16] , [27] . However, the DMD becomes considerably sensitive against structural parameter fluctuations that depend on the increase in SCC [16] , [27] . The required DMD level for realistic signal processing is a limiting factor for the SCC of the FMFs.
At this time, the maximum SCC of SM-MCFs is over 30. An MCF with 30 cores employed a heterogeneous core structure to realize high core count and low XT simultaneously [14] . The fiber contained 30 cores with A eff of 80 μm 2 in a 230-μm cladding, and it marked an RSE of 8.9. An MCF with 31 cores employed QSM design [15] . The RSE of the 31-core fiber was 9.1, which is the highest value of the SM-MCF.
Another approach for improving spatial multiplicity is using the FM-MCF. The FM-MCFs investigated so far can be categorized into three groups. The first group includes a fiber with a cladding diameter of 125 μm [23] . The fiber exhibited an SCC of 18 and RSE of 18. The second group focuses on improving the SCC [9] , [10] . Two fibers recorded an SCC larger than 100 and RSE of approximately 18. However, their cladding diameter exceeded 300 μm. The validity of such large cladding diameters in terms of mechanical reliability and splicing needs to be further analyzed. The last group aims to maximize the SCC and RSE under a moderate cladding diameter smaller than 250 μm. A three-mode (two LP modes) 12-core fiber with a cladding diameter of 230 μm exhibited an SCC of 36 and RSE of 10.64. Another example is a six-mode (four LP modes) 12-core fiber with a cladding diameter of 227 μm. This fiber exhibited an SCC of 72 and RSE of 21.83, which is the highest RSE for MCFs presented so far.
C. SCC Versus Core-to-Core XT
XT is an important parameter to compare the performance of MCFs. XT limits the transmission distance, transmission capacity, and modulation format [24] . Fig. 5 indicates the relationship between SCC and XT for the presented MCFs. We employed the XT between the highest order modes as the XT of FM-MCFs because the XT between the highest order modes is larger than the XT among other combination of modes [25] . MCFs with low XT < -40 dB/ 100 km have contributed to achieve some remarkable transmission: a 12-core fiber with ring structure for 1 Pbit/s/fiber transmission with 32QAM [1] , a 12-core fiber with a dual-ring structure for 1 Ebit/s km transmission with 16QAM [3] , a 7-core fiber with hexagonal closed pack structure for 1 Ebit/s km transmission over transoceanic distance [4] , and an FM-MCF with a square lattice structure for dense SDM of 36 SCC over 527 km [8] .
Recently proposed SM-MCFs with SCC of 30 and more [14] , [15] and FM-MCF with SCC of 72 [17] showed XT of about -30 dB/ 100 km. These fibers will contribute to transmission with large capacity or high-order modulation.
The combination of SCC and XT is affected by A eff and the cladding diameter [26] . With regard to a long-haul system, an MCF with large A eff and small XT is required. This requirement limits the SCC. The possible SCC will be determined by the requirement on A eff and XT from the transmission system.
D. SCC Versus DMD
In the case of FMFs and FM-MCFs, DMD, which is the time difference between the fastest mode and the slowest mode in a core, is a very important parameter because a large DMD requires heavy signal processing for recovering mode-coupled signals. Fig. 6 shows the relationship between the maximum |DMD| and SCC of FMFs and FM-MCFs. References [16] and [25] suggest that DMD control becomes very difficult as the mode count become large. The |DMD| of FMFs whose mode count is larger than 10 ranged at a few hundred ps/km. A multistep profile and a graded index profile are useful to reduce |DMD| and control DMD characteristics [16] , [27] , [28] . The DMD characteristics of fabricated fibers also depend on the fabrication process of the fiber. The process such as modified chemical vapor deposition (MCVD) is preferable to control index profiles precisely. [18] , [29] : (a) A fiber with a multi-step index profile [7] . (b) A fiber with a graded index profile [8] . Symbols indicate the measured DMD. Lines indicate a linear approximation of the measured data.
FM-MCFs require suppressing |DMD| for all cores within a certain range. The |DMD| of the FM-MCFs with SCC larger than 100 was greater than 1000 ps/km [9] , [10] . The |DMD| over the C band of the FM-MCFs with SCC of 36 was drastically reduced from 530 to 63 ps/km as shown in Fig. 7 [18] , [29] . The fiber in Fig. 7 (a) had cores with a multistep profile and was fabricated by the vapor-phase axial deposition method. The fiber in Fig. 7 (b) had cores with a graded-index profile and was fabricated by the MCVD method. The combination of the change of index profile and fabrication process realized DMD reduction. The reduction of |DMD| enables the lengthening of the transmission distance from 40.4 [7] to 527 km [8] . The FM-MCF with SCC of 72, which involves 12 cores with six modes (four LP modes), successfully controlled |DMD| under less than 430 ps/km for all cores owing to a graded index profile [17] . We need to select the combination of CC and MC with the tradeoff relationship between SCC and DMD in mind.
III. SINGLE-MODE 30-CORE FIBER WITH HETEROGENEOUS CORE DESIGN
A. Fiber Design
Heterogeneous core design means that the effective indices (n eff s) are different for all adjacent cores [30] . If the n eff s of the adjacent cores are different, the XT between the cores drastically changes at a certain bending radius (R pk ) [31] , as shown in Fig. 8 . R pk is given by
where n eff is the effective index of a propagation mode, Δn eff is the effective index difference between cores, and Λ is the core pitch. If the bending radius R is less than R pk , XT is given by the following equation [31] .
where k is the coupling coefficient, β is the propagation constant, and L is the length of a fiber. In this case, XT varies with bending radius R. Accordingly, we can call this region the R-dominant region. In contrast, if the bending radius R is larger than R pk , XT is given by the following equation [32] :
where d is the correlation length. In this case, the XT of the region varies with d and we consider this region d-dominant. The XT over the d-dominant region is smaller than that over the R-dominant region. By setting the R pk value below the effective bending diameter in cables, we can reduce the XT of an MCF and maximize the number of cores within a limited range of . Relationship between the core parameters and effective indices in trench-assisted and step-index cores for a 30-core fiber [14] , [18] , [29] .
cladding diameters. However, the different n eff design has the tendency to produce different A eff values, which is not desirable for realizing homogeneity of transmission characteristics and low splice loss. The same A eff for all the cores with heterogeneous n eff is achievable through the careful selection of core parameters such as the core radius (r) and relative index difference (Δ) [33] , [34] . However, the same A eff with heterogeneous n eff design limits the range of core parameters to ensure the single-mode condition and reduce the bending loss of the fundamental mode [33] . Fig. 9 shows the schematic structure and cross-sectional view of a fabricated heterogeneous SM-MCF with 30 cores. T c is the outer cladding thickness, which is the distance between the center of an outermost core and the edge of a cladding. Fig. 10 shows the simulation results for fiber core design [14] , [18] , [29] . The lines of the cutoff limit and bending loss limit were calculated for each structure. The lines of n eff were drawn for the trench-assisted structure. The structure of the fiber was based on a hexagonal closed-pack structure with 37 cores. The six outermost cores were removed to reduce the cladding diameter. The central core was also removed because wavelength lengthening of the core due to the trench-assisted structure was unavoidable [35] . Four kinds of cores were used to produce a heterogeneous relation for all adjacent cores under the limitation of using the same A eff for all cores. Core 1, 2, and 3 employed a trenchassisted structure to reduce the XT. Core 4 had no trench layer to avoid the cutoff wavelength lengthening of the inner cores. Table I summarizes the core parameters derived from Fig. 10 . The Δn eff s were larger than 0.0005 for all combinations. The Δn eff s ensured that the R pk was less than 100 mm for a Λ of 30 μm. If we set the cladding diameter at 230 μm, the T c will be 35.6 μm, which is sufficient for reducing the excess loss due to a high-index coating [35] . Fig. 9(b) shows a cross sectional view of a fabricated 30-core fiber. We fabricated 9.6-km fiber with a D c of 228 μm and Λ of 29.7 μm using the stack and draw method. The averaged attenuation and averaged A eff at 1550 nm were 0.50 dB/km and 77.3 μm 2 , respectively. The high attenuation was caused by problems in the process during stacking. The cable cutoff wavelengths were less than 1.57 μm, which was larger than the designed value of less than 1.53 μm. The lengthening of the cutoff wavelength originated from the profile difference between the simulation and fabricated fiber. Fig. 11 shows the measured XT of a 9.6-km fiber wound on a spool with a diameter of 310 mm. We evaluated the XT using statistical measurements by sweeping the wavelength [35] . A single-core fiber with a trench structure was used as the incident and receiving fiber to improve the dynamic range of XT [36] , which was about 80 dB for our set-up. The measured XT for the 9.6-km fiber was, on average, less than -55 dB for all kinds of combinations.
B. Characteristics of a Fabricated Fiber
We also measured the XT for a 22-m fiber to confirm the R pk of the fabricated fiber, as shown in Fig. 12 . The solid symbols indicate the measured XT and the solid lines show the calculated XT for different d values. We measured the XT of the freely coiled fiber at R = 140, 70, and 35 mm. The measurement limit for XT in our system was about -70 dB. The results indicate that, as designed, the R pk of the fabricated fiber was around 100 mm. The measured XTs for bending radii < R pk agree well with the simulation results. However, the measured XTs for bending radii > R pk were smaller than the XT estimated with d = 50 mm, which was reported in [34] . We were not able to evaluate d from the measured results because the results were smaller than the measurement limit. Further study is required for XT simulation of a heterogeneous MCF.
IV. SINGLE-MODE 31-CORE FIBER WITH QSM CORE DESIGN
As demonstrated in the previous section, a heterogeneous core is quite effective for reducing XT. However, precise process control of the core structure is required for preparing heterogeneous cores. In this section, we demonstrate a high-core-count MCF with homogeneous structure.
A. Fiber Design
As shown in Fig. 5 , the FM-MCF concept is helpful for realizing large SCC and small XT simultaneously. However, heavy signal processing is required to recover the distorted signal due to mode coupling. QSM transmission is a technique that uses only the fundamental mode of an FMF. We are able to get the freedom for fiber design by lengthening the cutoff wavelength with QSM design. In the case of QSM design for a conventional single-core fiber, we used the freedom to enlarge the A eff . QSM transmission experiments over the FMFs have been successfully demonstrated [37] . The advantage of QSM transmission is the reduction of the nonlinearity of transmission lines owing to the enlarged A eff of the fundamental mode of FMFs. However, in the case of MCF design, we used the freedom to strengthen the confinement of the fundamental mode instead of A eff enlargement. An advantage of applying QSM transmission to MCF designs is the XT reduction owing to the high confinement of the LP 01 mode in a few-mode core. The suppression of XT enables a dense core arrangement within a limited range of cladding diameters. It has been reported that the undesired remaining LP 11 mode, which is generated during signal propagation through fibers and at splice points, deteriorates the quality of LP 01 -mode signals [37] , [38] . The intentional elimination of the LP 11 mode is helpful in reducing signal deterioration.
In the case of the MCFs, the propagating power in the outermost cores can be absorbed into a coating with a low outer cladding thickness (T c ). In general, the field size of an LP 11 mode is far larger than that of an LP 01 mode. Accordingly, an optimized T c helps realize the coexistence of the large excessive loss of an LP 11 mode and the negligible excessive loss of an LP 01 mode in the outermost cores. The direct coating absorption of the inner cores is far smaller than that of the outermost cores. However, the power of an LP 11 mode is expected to leak to a coating through the XT from the inner cores to the outer cores. We designed a QSM MCF using the above concepts. The fiber contains 31 trench-assisted homogeneous cores in a hexagonal close-packed structure with a cladding diameter of 230 μm [15] . The A eff at 1550 nm was set as 80 μm 2 , which is the same as that of a conventional SMF. A trench-assisted structure, which is shown in Fig. 9(c) , was used for all cores. We optimized the core parameters and T c by simulation. Table II summarizes the core parameters used in the simulation and Δ t = −0.7%. Fig. 13 shows the calculated excessive loss of the LP 11 mode at 1530 nm and the LP 01 mode at 1625 nm due to absorption into the coating as a function of T c with a bending diameter of 280 mm. We employed an LP 01 -excessive-loss of 0.001 dB/km as a reference. Design 1 requires a relatively large T c to realize the employed LP 01 -excessive-loss. Design 3 shows a small LP 11 -excessiveloss for an LP 01 -excessive-loss of 0.001 dB/km. Design 2 is a well-balanced design that achieves an LP 11 -excessive-loss greater than 3 dB/km and an LP 01 -excessive-loss smaller than 0.001 dB/km at a T c of about 31 μm. Fig. 14 shows the calculated core-to-core XT at 1550 nm between the LP 11 modes (XT 11−11 ) and between the LP 01 modes (XT 01−01 ) as a function of the bending diameter for a core pitch (Λ) of 32 μm. XT 01−01 less than -46 dB/km, which leads to XT of -19 dB after 500-km transmission, is satisfied under a bending diameter of several hundred millimeters. The large XT enables QPSK transmission over 500 km with a Q-penalty of 0.5 dB [24] , [39] . XT 11−11 exceeds XT 01−01 by more than 30 dB. This is helpful for transferring the power of the LP 11 mode in the inner cores to the outermost cores, where the power of the LP 11 mode is expected to be absorbed into the coating.
B. Characteristics of the Fabricated Fiber
We fabricated a homogeneous QSM 31-core fiber based on design 2 [15] . Fig. 15 shows a cross section and the layer/core assignments of the fiber. Λ, T c , and D c of the fabricated fiber was 31.6, 31.5, and 231 μm, respectively. Table III summarizes the averaged optical characteristics of some cores in each layer. The cable cutoff wavelengths (λ cc s) of the inner cores were far longer than those of the outer cores owing to the existence of outer trench-assisted cores [35] . Fig. 16 shows the measured attenuation of each mode. The attenuation of the LP 11 mode, particularly in layer 4, was far larger than that of the LP 01 mode. This indicates that the power of the LP 11 mode was conspicuously absorbed into the coating. The measured attenuation (α total ) of a core is given by the following equation:
where α pro is the loss without the influence of absorption and XT, α XT is the loss due to XT, and α ex is the excessive loss due to the coating. α pro was assumed as the attenuation of the LP 01 mode, because the attenuation of the LP 11 mode with sufficiently thick T c and low XT is almost equal to that of the LP 01 mode [40] . The α ex of core 8 was estimated to be 0.6 dB/km, which is smaller than the calculation shown in Fig. 13(a) . Fig. 17 shows the measured XT 11−11 and XT 01−01 at 1550 nm. The fiber length was 11 km, and the bending diameter was 310 mm. XT 01−01 was derived from linear extrapolation of the wavelength dependency of the measured XT over the singlemode region. The averaged XT 01−01 and XT 11−11 were -38.4 and -5.5 dB, respectively. The measured XT 01−01 and XT 11−11 were larger than the simulated values of -41.9 and -10.5 dB, respectively. These discrepancies arose from the difference between the ideal step profile used in the simulations and the actual profile. Fig. 18 shows the measured near field pattern (NFP) of the 31-core fiber to confirm LP 11 -mode power transition from the central core (core 31) to the outer cores. Only core 31 was excited by the LP 11 mode. The LP 11 -mode power in core 31 was moved to neighboring cores owing to the large XT between the LP 11 modes.
We confirmed LP 11 suppression after 11-km propagation. Fig. 19 shows the impulse-response signal of a core in layer 2 after 11-km transmission. An LP 01 -mode pulse was introduced to the fiber through a waveguide-type fan-in (FI) device [41] . The inter-mode XT through the fiber was smaller than -30 dB. The LP 11 mode generated at a connection point of the FI and fiber was observed at the time predicted from the DMD of the LP 11 mode to the LP 01 mode. The power was -20 dB less than that of the LP 01 mode. We have concluded that the power of the received LP 11 mode was sufficiently small after 11-km propagation, which is also supported by a NFP from another end, as shown in the inset of Fig. 18 .
V. TRANSMISSION EXPERIMENTS
We evaluated and compared the transmission characteristics of the heterogeneous 30-core fiber and the QSM 31-core fiber. Fig. 20 shows the schematics of our measurement setup. Thee modulators were prepared. We used the signal from a modulator for monitoring the Q value. The signals from other modulators were used as dummy signals to adjacent cores to evaluate the degradation of the Q value due to XT from the adjacent cores. We prepared two kinds of modulators; polarization multiplexed QPSK and polarization multiplexed 16 QAM. The baud rate for both formats was 11.5 Gbaud. The signals were circulated three times through fan-in/fan-out (FI/FO) devices. The Q value of the monitored signal after three-span propagation was monitored. The total transmission distance was 28.8 km (9.6 km × 3) for the 30-core fiber and 33 km (11 km × 3) for the 31-core fiber. Fig. 21 shows signal assignment for the 30-core and 31-core fibers. Fig. 22 shows XT characteristics of the fibers with FI/FO devices. We employed FI/FO devices with a wave guide structure [41] . Table IV summarizes XT and attenuation at 1550 nm of three spans.
A. Measurement Setup
The back-to-back Q value of the measurement setup was 9.0 dB for QPSK transmission and 10.2 dB for 16QAM transmission. 
B. Transmission Characteristics
In the case of QPSK transmission over the heterogeneous 30-core fiber, a small Q penalty of 0.2 dB was observed for both one-core transmission and three-core transmission. The Q penalty of 16 QAM was slightly larger than that of QPSK. However, Q penalty was kept small for both 0.4 dB one-core transmission and 0.7 dB three-core transmission.
In contrast, degradation was observed for the Q value over the QSM 31-core fiber. The Q penalty of one-core transmission with QPSK was 0.4 dB. However, the Q penalty became 1.4 dB for three-core transmission. In the case of 16QAM, the Q penalty was 1.7 dB even for one-core transmission. The Q penalty for three-core transmission was 4.1 dB. Figs. 23 and 24 show the measured constellation maps over the heterogeneous 30-core fiber and the QSM 31-core fiber, respectively. The ASE noise was added to make the Q-degradation tendency for fibers and modulation formats understandable. The constellation maps demonstrated the same tendency with the measured Q value. Fig. 25 shows the measured Q penalty as a function of XT for different modulation formats. Circle and triangle symbols indicate the measured Q penalty for 30-and 31-core fibers. Square symbols indicate measured Q penalty for 12-core fiber [37] . For the 12-core fiber, the required XT is less than -18 dB for QPSK and less than -25 dB for 16 QAM when the allowable Q penalty is 0.5 dB. The measured Q values of the heterogeneous 30-core fiber are close to those of the 12-core fiber. However, an additional penalty was observed for the measured Q values of the QSM 31-core fiber. Because the additional penalty will originate from the mode coupling during propagation and XT between cores, we need to suppress the higher-order mode propagation.
VI. CONCLUSION
The development trend of MCFs for dense spatial division multiplexing was reviewed. Many kinds of MCFs have been proposed to overcome the tradeoff relationship among the SCC, cladding diameter, XT, and DMD.
The design concept and fabrication results of SM-MCFs with an SCC of larger than 30 was presented. A 30-core fiber with a heterogeneous core was realized with a low XT of −55 dB and length of 9.6 km and a low Q penalty for QPSK and 16 QAM. A 31-core fiber with the QSM recorded the highest SCC as an SM-MCF. The Q penalty due to the XT was observed during the transmission experiment on the 31-core fiber. The characteristics will improve by suppressing the higher-order mode propagation.
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